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FIGURE 3. SCHEMATIC ILLUSTRATION OF CHILL—BLOCK MELT SPINNING SYSTEM
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TABLE 2. LIST OF ALLOYS PREPARED IN THIS PROGRAM BY
CHI LL—BLOCK MELT SPINNING

Run Number Alloy

MS—7 Fe
80
P
13C7

MS—9

MS—l O
MS—il “

MS— 12

MS—l3 (FeNi)80B20
MS—l5 Fe80B20
MS—l6 Ni50B50
MS—l7 Zr43Cu57
NS—19 Fe80P117C6 3 B2
MS—20 Fe80

P
98

C5 3 B5
MS—2l Fe80P8 5C4 5 B7
MS—22 Fe80P6 5 C3 5

B10
MS— 23 Fe80P117 C6 3 S12
MS—24 Fe80P9 3

Si
5

MS—25 Fe
80
P
85

C45
Si7

MS—26 Fe80P6 5 C3 5
Si10

MS—27 Fe80P11 7 C6 3Si1B1
MS— 28 Fe80P9 8 C5 3 Si2 5 B2 5
MS—29 Fe

80
P
85

C4 5 Si
3 5B3 5

MS—30 Fe80P6 5 C3 5 Si5B5 

- _  _
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While the melt spinning methods are particularly suited for

producing wire and ribbon f ibers  of many nonreactive and low

melting point alloys, the requirements for a stable crucible/orifice and

jet severely limit the process utilization . For example, titanium filaments

have not been melt spun since a stable crucible material is unavailable.

Also , operating difficulties with the orifice and jet have been encountered

in previous attempts to melt spin such materials as boron and beryllium ,

and other reactive alloys. Realizing the process limitations imposed by

the orifice , Battelle ’s Columbus Laboratories, some years ago began a

research program to develop a new fiber casting method . This lead tc the

conception and implementation of the pendant drop melt extraction* process

for continuously casting metallic fiber.

2.5 Pendant Drop Melt Extraction

In pendant drop melt extraction the melt is a droplet supported by its

own surface tension on the end of a rod , generally of the same material.

The pendant drop melt extraction method for continuous casting metallic fiber

and filament is totally crucible and orifice free. As such, it is particularly

att ractive for the fiberizing of very reactive metals , such as titanium
niobium, zirconium, and hafnium. Due to the relative simplicity of the

concept , a wide variety of energy sources for droplet melting may be combined

with a variety of melt—extraction disk designs. Appropriate energy sources

include flames (such as oxy—acetylene flames),  plasma torches , focused

radiant energy, laser beams, and electron beams. The feed stock is generally

in the fo rm of a rod , and the only requirements of the melting—bar feed

system are that a stable (i.e., pendant) droplet , formed on the tip of the

feed material , be accessible for contact with the melt extracting disk. The

feed stock need not be fully dense. We have demonstrated that fibers can

be successfully cast from green—powder—compact bars. The use of powder—

*Patents covering the proprietary process known as “pendant drop melt extrac-
tion” are owned by the Battelle Development Corporation.
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compacted feed stock introduces a significant versatility to the process,

as it allows production of materials coniniercially unavailable in dense bar

or rod form. We have also found that a mixture of powders can be blended

and pressed to produce feed stock , with in—situ alloying occurring on the

melting and casting of the desired composition fibers (see Tab1~ 3).

The pendant drop method has been used to produce fiber from a

variety of materials, including solder , tin , zinc , aluminum , copper ,various

steels (including stainless), some superalloys, and chromium . Product

dimensions are usually about 25 pm to 125 pm effective diameter~ The

relatively fine sizes are due to the great ease with which the melt can be

brought into limited contact with the extracting disk. Pendant drop melt

extraction is particularly suited for producing fine (i.e., small diameter)

fibers and is thereby a high quench rate system. Secondary dendrite arm spacings

for pendant drop melt extracted 310 stainless steel fiber ( -25 microns diameter)
are submicron, indicating an effective quench rate of the order of 106 K s~~.

Since the fibers solidify on the disk, with the solidification front

advancing radially outward from the surface of the disk toward the molten

bath, fiber cross—sectional shape and dimensions are controlled by the shape

of the contact surface, and by those other param~r~rs such as disk material,

disk cross section, melt superheat , thermal conductivity of the hot metal,

linear velocity of the disk periphery, etc., which control the rate and

direction of the extraction of heat from the metal being cast. Fibers of

heavier cross section require a greater amount of heat removal per unit

length than fine fiber . Melt viscosity and surface tension, as well as the

chemistry of the bath surface (especially the presence of slags or oxide

films), also pla’i a role in the process and affect the product since they

strongly influence the dynamics of the liquid flow at the melt—disk inter-

face.

The pendant drop melt extraction method is readily adaptable to

vacuum operation. One Battelle experimental unit utilizes a 1 kva power

supply and tungsten filament electron beam system as the heating source,
and a variable speed (200—1200 rpm) air or water cooled melt extracting disk
sy s’~em for solidifying the fibers , Figur e 4. The entire assembly (i.e.,

*Diameter of the equivalent circle.
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ELECTRON BEAM 
MELT STOC K

FILAMENT

MOLT EN DROPLET

STAPLE FIBER WAT ER-COOLED
OR FILAMENT EXTRACTION DISK

/
WIPER

FIGURE 4. SCHEMATIC OF THE PENDANT DROP MELT EXTRACTION EQUIPMENT USED IN - -
THIS PROGRAM FOR THE PREPARATION OF RAPIDLY—QUENCHED AMORPHOUS
OR POLYCRYSTALLINE FILAMENT (i.e., CONTINUOUS FIBER) OR STAPLE
FIBER

feed bar, filament, and melt extraction disk) is contained in an 18—inch

diameter bell jar equipped with a roughing and diffusion pump. This equip-

ment has been used to extract fibers of stainless steels, nickel, titanium,

and titanium alloys, hafnium, niobium, and zirconium. Successful operation

in vacuum provides confirming evidence that there is no metallurg ical reaction

(such as welding) between the disk periphery and the solidifying fiber.

Multiple edge disks may be used to cast f ibers from a single pendant drop .

For example , it has been demonstrated that three or four edges can be operated

simultaneously at spacings as close as 0.5 tntn.

19
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2.5.1 Pendant Drop Melt Extraction —— Cont inuous Fiber

A list of the continuous fibers prepared under this program by

the apparatus dep icted in Figure 4 is presented in Tables 3, 4, and

5. By design, some of those alloys were to be polycrystalline in the

rapidly—quenched state , and others amorphous.
In an initial series of experiments, Alloys 1, 2, 3 and 4

(Table 5) were melt extracted under vacuum into continuous lengths of

fiber. These were examined metallographically, and their microstructures

compared with those of a similar series of alloys prepared by a conventional
splat cooling process. X—ray diffraction studies were also carried out

on a particularly promising fiber. Occasionally in order to increase the

secondary quench rate ( i .e . ,  to achieve further quenching , or to inhibit

further heating, after the fiber separated from the extraction disk) the

following steps were taken:

(a) The casting ed ge of the wheel was notched , so as t o

yield a discontinuous product. The purpose of this

modification was to interrupt an otherwise continuous

heat path between the pendant droplet and the fiber
leaving the wheel.

(b) In one or two trial cases the melt extraction process

was carried out in air in order to take advantage of

ambient—temperature gas quenching. An inert atmosphere
would , of cour se , be generally preferable.

(c) The melt—extracted fiber was deposited into a bath of
water (apparatus operated in air) or oil (vacuum

apparatus).

Runs ME—3 through ME—l6 were carried out in vacuum using a 20 cm
diameter , 1.27 cm thick copper disk with a “pointed” (90 degree) unnotched

periphery. This produced , in runs ME—ll, NE- 12, ME—13, ME—l5 and ME—l6,

continuous fibers of amorphous material (as judged by bend ductility). Runs

ME—l7 through ME—20 utilized a 20 cm diameter , 1.27 cm thick copper disk

with a flat periphery.

20
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TABLE 3. LIST OF CONTINUOUS-FIBER Ti—6A1—4V-BASE IN-SITU-MELTED
ALLOYS PREP AR ED BY PENDANT DRO P MELT EXTRACTION AS
PART OF A SCREE N ING STUDY

Samp le
Designation Alloying Addition to Ti—6Al—4V Base

T64—l 1018 Steel
2 Fe
3
4 Fe + Cu
5 Fe + Cu
6 430F SS
7 43OF SS + Cu
8 Fe + Cu
9 Cu
10 Ti—Mo (25 at.%)
11 Elgiloy
12 Elgiloy + Cu
13 Graphite
14 TiB2 + Cu
15 TiB2
16 TiSi2 + Cu
17 TiB2 +Fe + Cu
18 TiC
19 TiC + Fe + Cu
20 308 SS
21 308 SS
22 308 SS
23 TiB2 + TiC
24 Elgiloy + Cu + W
25 Fe

TABLE 4. POLYCRYSTALLINE ALLOY CANDI DATE S PREPARED FROM PRE-CAST ALLOY
RODS BY PENDANT DROP MELT EXTRACTION

Run Name or Disk Speed
Alloy Code Polycrystal line Alloy Candidate (in min~~)

ME-3 8OTi-5.4A1-3 .6V-8Fe-3Cu 255-765
ME-4 “ 190—255
ME-S 80T 1-5.4Al-3 .6V-6Fe-5Cu 255-380
ME-6 “ 215-765
ME-i 90.5Ti—l .5A1—lV—6 .5Si 255-380
ME-8 “ 125-830
ME-9 86.4Ti-S.8Al-3 .8V-4B 255-1275
ME-tO 92.5Ti-l.5A1—1V-3Be-2B 255-510
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TABLE 5. METALLIC GLASS ALLOY CAND IDATES PREPARED
FROM PRE-CAST ALLOY RODS BY PENDANT DROP
MELT EXTRACTION

Disk
Sample Run Metallic Glass Candidates Speed
Code Code Composition Alloy Class* (in min~~)

1 Fe
80B20 LTN/Mtld. ——

2 Fe
80Ge20 LTN/Mtld. ——

3 Fe75B10Si15 LTM/Mtld. ——
4 (Ni

78Fe22
)75B10Si15 LTM/Ntld . ——

5 Fe75Ge10Si15 LTM/Mtld. ——
6 Zr

43Cu57 ETM/Nbl.N. ——
7 Ti30Cu70 ETM/Nbl.M. ——
8 Nb

50
Ni
50 ETM/LTM ——

7 ME_ll** Ti30Cu70 ETM/Nbl .M. 2630
8 ME—l2 Nb50Ni50 ETN/LTH 2630

9 ME—13 Ti60Ni30Si10 ETM/LTM 2630
10 ME—14 Ti55Ni30Si15 

“ 2630

9 ME—l5 Ti60Ni30Si10 
“ 2630

1 ME—16 Fe80820 LTM/Mtld. 2630

1 ME—l7 “ “ 1330

1 ME—l8 *** “ “ 625

1 NE—l9 “ “ 270

1 ME—20 “ “ 2630

* ETN — Early Transition Metal
LTM = Late Transition Metal
Nb l .M. — Nobel Metal
MUd. — Metalloid

** Alloys 1 — 8 were prepared and studied in 1976, the “ME— ” series in 1977.
Two compositions were thus repeated .

~~~ Extraction—parameter investigation.
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2.5.2 Melt Extraction -- A Thickness/Velocity Relationship

Using Fe80B20 as a working substance the relationship between

disc speed and filament thickness was investigated. A flat-edged water-

cooled disc was sued , and the casting was performed in vacuum . Disk speed

was varied between 270 and 2630 m mm
1 (runs ME-17 through ME-20, Table

5) and the filament thicknesses obtained were plotted as in Figure 5.

The data were found to fit an equation of the form:

= K (v)~~~2 (1)

where 6 filament thickness, urn

v = disk surface velocity , ms
1

and K = constant = 315 x lO_6 m~
’2 ~~l/2

for Figure 2-5 data.

The proportionality constant , K, in Equation (1) depends on a

number of process variables, including disk temperature , melt superheat,

disk surface finish , etc. Assuming that the contact distance (i.e., the

arc length over which the melt is in contact with the extraction disk)

remains essentially constant with increasing disk surface velocity , allow s

the thickness-velocity relation (Equation (1) to be converted into an

appropriate thickness-versus-time relation. As the contact distance was

about one centimeter in the Fe80B20 
melt extraction experiments, Equation (1)

leads to the relation :

6 3150 .Jt (2)

where t = bath-disk contact time, s.

Equation (2-2) is consistent and comparable to the Carslaw and Jaeger [16]

thickness-time relation associated with solidification on water-cooled

chills.
The Carslaw and Jaeger solution is:

6 2.y~j~~T (3)

where y is determined from

2 C
yes’ erfy — (T

~
-T0) L 

(4)
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where 
~ 

= thermal diffusivity of th e solid

T mel t ing  temperature of the material

T disk temperature
= speci f ic heat of the solid

and L = heat of fusion .

Substituting the following values of the thermal variables , con-

sistent with iron , into Equations (3) and (4),

T
~ 

— 1160°C (Eutectic temperature of Fe80B20)

T =60°C

C5 
= 0.16 cal/gm-C

L ~ 65 cal/gm

K5 
= thermal conductivity of the solid 0.07 cal/cm-

and p = de:sity of the solid r 7.0 gm/cm3

leads to an estimated thickness-time relation of

6 = 4310 .Jt (5)

which is con sidered a reasonable correlation between theory and experiment ,

considering the lack of precise values for (I) the contac t distance used
in obtaining Equation (2) , and (2) the appropriate thermal properties
for the Fe

80B20 
alloy .

It is interesting to note that the experimentally determined

thickness-time relation (Equation (2 ) )  for the melt extracted Pe80B 20 is

quite similar to the thickness-time relation obtained by Taylor~~
7 for

the skin solidification of steel on water-cooled copper chil ls .

Consistent with the observed thickness-time relation , the quench
rate is expected to depend on the inverse square of the product thickness. —

For the 50- and 150-micron thickness of Fe80B 20 ribbons , calculated quench
rates are 1.3 x ~~~ and 1.5 x i0~ C per second , respective ly . As antici-
pat ed , for these quench rates , none of the f i laments  comprising the data
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3.3.1 Consolidation of LID-i Powder

Application of the VHP process was confined to the LID— i powder.

About lOOg of it were pressed into a disk , 5.1 cm in diameter and 1.1 cm
thick. This disk and the starting powder are depicted in Figure 15.

Equipment used consisted of Battelle ’s 15-ton vacuum hot press
in association with the following tooling :

The Dia

OD 6.0 inches (15.25 cm)

ID 2.5 inches (6.35 cm)
Height = 6.0 inches (15.25 cm)

Material Type 304 stainless steel

The Top and Bottom Punches

Diameter 2.0 inches (5.08 cm)

Height = 3.0 inches (7.62 cm)

Material Type 304 etainless steel

The ATJ Graphite Sleeve

OD = 2.52 inches (6.4 cm)

F ID = 2.0 inches (5.08 cm)

Height = 6.0 inches (15.25 cm)

The stainless steel die was preheated in air to about 650°C enabling it to

expand and accept the insertion of the graphite sleeve. The two punches

were placed in the dies and the assembled tools were outgassed empty at

815°C in a vacuum of 4 x 10~~ torr in Battelle ’s 15-ton hydraulic press.

The tool assembly was allowed to cool overnight, loaded with about 100

grams of the LID-I powder , replaced in the press, and evacuated to about

4 x l0~~ Torr. The assembly was induction heated to 955°C in dynamic

vacuum, during which no significant outgassing occurred , hopefully because

of the prior 815°C vacuum heating cycle . The powder was vacuum hot pressed

at 955°C and 800 psi (0.56 kg/nmi
2
) for 1 hour. The assembly was again

allowed to cool overnight in dynamic vacuum , after which the pressed Ti 6A1 4V

disk was removed from the die assembly and lightly machined to improve its

appearance as an exhibit, Figure 15.
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FIGURE 15 . VACUUM HOT PRESSED DISK (5.1 cm x 1.1 cm) AND AN EXA~~LE OF
THE L/D— i POWDER FROM WHICH IT WAS FABRICATED .
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3.3.2 Properties of the Vacuum Hot Pressed L/D-i
Powder Compaction

(a) Chemical Analysis. In a powder consolidation process one

is always concerned with the removal of entrained air. This is parti-

cularly important with a reactive material such as titanium , and one whose

properties are so strongly affected by the presence of dissolved oxygen

and nitrogen . The resul ts  of several sets of independent chemical analyses

carried out on samples cut from the VHP disk are presented in Table 16,
from which it is seen that although the nitrogen level has not increased

s ignif icant ly  above that of the starting powder , a 207, increase in the

oxygen level took place , and a slight increase in the ca rbon level , took p lace.

TABLE 16. CHEMICAL ANALYSIS OF THE VHP DISK COMPARED WITH THAT OF
THE L/D POWDER STARTING MATERIAL

Specimen Data Source Composition in Weight Percent
Al V C N 0

LID Powder Leco , Inc . 0.0315 0.064 1 0.205
0.0323 0.0623 0.206

I’ “ 0.0339 0.0638 0.217
1~ 0.0331 0.0650 0.207

VHP Sample Leco, Inc. 0.0469 0.0561 0.239
0.0571 0.238

AFMLISherry Labs 0.073 0.024 0.265
“ 0.273

Battelle 7.0 4.6

(b) Density. Further sectioning of the as-recieved VHP di sk

yielded samples for density measurement and for the machining of tensile
bars. The results of two density determinat ions , carried by the water-

iimnersion method , are given in Table 17 where a comparison is made with

the measured density of the wrought starting material. The reason for the

s ignif icant ly  greater density of the VHP material  is not known .
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TABLE 17. DENSITY OF THE AS-RECEIVED (i.e., UN -HEAT -TREATED) VHP
L/D—i. THE ESTIMATED EXPERIMENTAL UNCERTAINTY IS ± 0.003 g/cc

Sample Density

g/cc lb/in3

Wrought (reference material) 4.4 17 0.159 6

VHP (two determinations) 4.437 0.1603

(c) Microstructures. Microstructures of the as-pressed VHP

product were examined by optical metallography and electron microscopy .

The purpose of the optical metallography was to compare the structure of

the VHP consolidation with that of the wrought as-received and wrought

mill-annealed starting mater ia l ;  and also to ascertain that the consolidate

retained no “memory” of the physical form of the L/D-i particles. The

results of the optical work are shown in Figure 16.

The replica electron micrographs are shown in Figure 17. It

can be seen by comparing Figure 17 with Figure 9c, that the VI4P

sample is essentially in the “recrystallized” condition . This is to be

expected since the recrystall ization anneal is:

1700°F/4 hr/furnace cool (100 deg/h) to

1400° F/furnace cool (650 deg/h) to
900° F/ air cool

while the VHP process is defined by:

l700° FI8 ksi/ l  hr / furnace  cool

(d) Compressive Strengths of VHP Specimens. Small compression

test samples were machined from the VHP disk and tested in the as-VHP and
mill_ annealed * conditions.  The results of these studies are given in

Table 18. ...

*redundant following VUP.
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(b) (c)

WROUGHT 250X VHP

FIGURE 16. OPTICAL METALLOGRAPHS OF (a) WROUGHT (AS REC.), (b) WROUGHT
(MILL—ANN), AND (c) VHP (AS—PRESSED POWDER) Ti—6A1—4V , IN WHICH
NO PRIOR PARTICLE BOUNDARIES (1.3 CM IN WIDTH, ON THIS SCALE)
ARE DETECTABLE. 
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3750 X EH5643 15,000X EH5644

FIGURE 17. REPLICA ELECTRON MICROGRAPHS OF VACUUM HOT PRESSED (VHP)
Ti—6A1—4V L/D—l POWDER . AS EXPECTED THE STRUCTURE IS
n PLUS INTERGRANULAR 3, AND COMPARABLE TQ THE 1700° F
RECRYSTALLIZED STRUCTURE OF FIGUR E 3—4(c). (Printing reduction
factor , —.0.7)
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TABLE 18. RESULTS OF COMPRESSION TESTS ON VACUUM HOT
PRESSED (VUP ) L/D—l POWDER COMPARED WITH THOSE
FOR THE WROUGHT (W) COMMERCIAL START ING
MATERIAL.

0.2Z Offset Yield
Modulus, E Strength , Y

Sample Code (106 psi) (ksi)

VHP—LD1—AR— 1 18.5 143.9
AR—2 17.1 144.6

VHP—LD 1—MA— 1 17.1 147.6
MA— 2 16.9 149.4

W—AR—l 15.7 131.3
AR—2 15.8 130.5

W—MA—l 15.9 144.7
MA—2 15.8 143.2

AR = as received
MA = mill—annealed

The average compressive elastic modulus of the VUP material is
10% higher than that of the wrought alloy presumably due to the influence

of the slightly higher interstitial content. Similarly , the compressive
yield strength is 7% higher , although no quantitative information on
duc t i l i t y  is available.

()~ Tensile Strengths of VHP Test Bars. Test bars machined from
the VHP disc were tensile tested in the as—VUP and mill—annealed conditions .
For comparison , test bars of wrought commercial Ti—6A1—4V (the starting
material) were machined to exactly the same dimensions and also tested
in the as—re ceived and mill—annealed conditions. The results of thi s work
are given in Table 19.
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TABLE 19. RESULTS OF TENSILE TESTS ON VACUUM HOT PRESSED (VHP )
LID— i POWDER COMPARED WITH THOSE FOR THE WROUGHT (W)
COMMERCIAL STARTING MATERIAL

Sample Code* Modulus , 0.27. Offset Ultimate Elongation Area
E Yield Tensile (7.) Reduction ,

(lO6psi) Strength , Strength , RA
Y U. T.S. (7.)
(k si ) (ks i)

VHP-LD1-AR-l 16.4 140.1 151.2 9.4 12.4
AR-2 16.9 140.9 150.8 6.5 10.5

VHP-LD1-MA-l 15.6 138.6 147.5 8.1 18.3

MA-2 16.0 138.5 148.3 14.3

W-AR-l 15.2 134.9 157.3 14.0 47. 1

AR-2 14.3 137.3 159.1 14.2 38.5

W-MA-l 14.7 140.9 154.9 14.5 42.6

MA-2 14.7 141.7 155.8 14.6

* AR = as-received
MA = mill-annealed

The average tensile elastic modulus of the VHP material is 107.

higher than that of the wrought alloy . As before , th is is due , presumably ,

to the influence of the interstitial content. It is reassuring , when con-

sidering the reproducibility of experimental data, however , to note that

the modulus of the VHP sample (16.2 x 10
6 psi) is practically equal to

that of the fiber from which it was processed (15.7 x io6 p5i.~ Table 11).
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The tensile offset yield strengths of the VHP and wrought

samples are comparable (139,5 compared to 138.7 ksi , resp.); but the VHP

samples all exhibit reduced ductility, presumabl y again due to the in-

f l uence of the hi gher interstitial content. The test bars and their

fracture surfaces are depicted in Figure 18.

-

- 
~~~~

VHF WROUGHT

FIGURE 18. FRACTURED TENSILE BARS OF VHP L/D—i (LEFT) AND WROUGHT
(RIGHT) Ti—6Al-4V. THE LOWER DUCTILITY OF THE VHP
MATERIAL IS EVIDENT . BACKGROUND , 1 mm-SQUARE PAPER .
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3.4 Hot Isostatic Pressing Program

Hot isostatic pressing was performed on each of the two grades

of L/D powder to provide ten small-diameter pellets for compression

testing and several other 1-in, diameter billets to be retained as exhibits ,

Figure 19 , after which various examination and testing procedures were

carried out.

FIGURE 19. FULLY DENSE CYLINDERS LIGHTLY MACHINED FROM HIP—ed
CYLINDERS OF L/D—i (LEFT) AND L/D—2 (RIGHT ) Ti—6A 1—4V
POWDER—SUBSTITUTE.
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3.4.1 HIP-Consolidation of L/D-I and L/D-2 Powders

Eleven 3/8-in, diameter cylinders were cold pressed from L/D-l

powder at a pressure of 50 ksi. Higher pressures , which resulted in

significant die damage , were not used .

One pellet was submitted for “green ” compression testing. The other 10

pellets were canned for HIP. The L/D-2 powder did not need to be pre-cold

pressed , but was loaded directly into the HIP container. The larger HIP

cans for producing 1-in. -diameter billets were also loaded with L/D-2

powder without a prepressing operation, and were then tap-packed to maximum

density . The L/D-i powder was pressed directly into the larger HIP containers

to maximize the powder charge size by eliminating the need for assembly

clearance for a prepressed pellet.

The HIP containers were made from seamless steel tubing and fitted

with plugs at each end. The container tubes with their lower end—plugs

welded in place were first given an outgassing treatment of 15 hr at 1600°F

in vacuum . They were then loaded with prepressed pellets or loose powder as

described above, following which the top end—plugs with their attached evacuation

stems were welded on. The filled cans were evacuated and heated over-

night at 600°F to remove sorbed gases. At the conclusion of this treatment

no pressure build-up was detected after isolation from the vacuum pump. The

evacuation stems were then pinched off and sealed by welding . The parameters

of the hot isostatic pressing operation were 1750°F/lO ,000 psi/i hour .

The small pellets were consolidated in the first of two HIP cycles.

The larger billets were consolidated in the second cycle. Because of the

non-uniform deformation of the HIP containers experienced in the first HIP

cycle , the second cycle involved the following modifications.

. Instead of the commonly used procedure of simultaneously heating

and pressurizing to the maximum conditions , a low pressure of

500 psi was applied and heating to the maximum temperature was

done without further pumping. The pressure was then increased

to the maximum value.

• The HIP container was encased in a heavy—walled steel sleeve.
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After pressing, both the small (1/2—in. high , l/!+ — in. ~liam .) and

la rge c y l in de rs were mac hi ned , the former to be used for compression

testing. Fi gure 20 shows a group ot t l i e  ei~~~~) idat ed . ni~o~-s~ I O f l — t L  si

samples , together with one of the green- compac t ed  s t a r ti n g  p e l l e t s .

_ _  -

~~~~~~d ~~~~~~~~~~~~jT

—~~~~~~~~~~~~~~~~~~~

--

~~~~~~~~~~

- ‘

-

4 1 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

•4~~P-( Mr-\i: TED ~~Th MACHINED COMPRESSION TEST SPECIMENS , AND 

~ED STARTIN G PELLET .
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3.4.2 Properties of the Hot Isostatic Pressed
L/D Powder Compactions

(a) Chemical Analysis

The results of chemical analysis carried out on material removed

during the machining , after HIP-ing, of the compression test specimens are

given in Table 20, where a comparison can be made with the composition of

the starting L/D powder .
No explanation can be offered for the surprising decrease in the

nitrogen content. On the other hand , presumably due to a more sophisticated

handling procedure than was used in the vacuum hot pressing, the oxygen

content of the HIP-ed material is only 107. higher than that of the starting
powder.

TABLE 20. CHEMICAL ANALYSIS OF HIP-PROCESSED L/D POWDER COMPARED WITH THAT
OF TUE AS-EXTRACTED POWDER

Specimen Data Source Composition in ~Jeight Percent
Al V C N 0

L/D Powder Leco, Inc. 0.0315 0.0641 0.205
U “ 0.0323 0.0623 0.206

0.0339 0.0638 0.217
0.0331 0.0650 0.207

HIP Sample AFML/Sherry Labs 0.05 0.036 0.255
0.05 0.031 0.269
0.04 0.013 0.215
0.06 0.020 0.215

Battelle 6.8 4.1
Leco , Inc . 0.0536 0.0142 0.215

0.0139 0.215
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(b) Density

Density determinations were made on HIP-ed samples prepared

from both L/D-l and L/D-2 powder using the water-immersion method. The

results of this work, presented in Table 21 are in excellent agreement

with the measured density of the wrought commercial Ti-6Al-4V.

TABLE 21. DENSITY OF AS—HIP—ED SAMPLES PREPARED FROM L/D—i AND LID—2
POWDER

Density 
3

Sample (glcc) (lb/in. )

Wrought 4.417 0.1596

HIP—LD1 4.421 0.1597
4.425 0.l59~

HIP—LD2 4.418 0.1596
4.417 0.1596

Cc) Microstructures

Microstructures of the as-HIP-ed material were examined by

optical metallography (250X), and compared with that of the wrought

alloy, in order to evaluate grain size and to ascertain that whether the shapes
of the L/D—l and L/D—2 powders had been completely obliterated by diffusion
and recrystallization during pressurized heat treatment. The results of

optical metallography are given in Figure 21.

Replica electron micrographs (3750X and l5000X ) of HIP-processed

samples prepared from the two kinds of powder are given in Figure 22. As

was the case af ter  vacuum hot processing, the HIP-ed material is in essen-

t ial ly the standard “recrystallized”condition ( c . f . ,  Subsection 3 .3 .2(c ) ) .
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~ ~~~~~~~~~~ ~(h) Wrought Mill—annealed LD—2 (d) 250X

FIGURE 21.  OPTICAL MICROGRAPHS OF (a) WROUGHT (AS—RECEIVED) , (b)
WROUGHT (MILL-ANNEALED) T i—6A i—4 V ALLOY , COMPARED WITH
THE RESULTS OF APPLYING HOT ISOSTATIC PRESSING TO (c)
L/D—i POWDER AND (d) L/D.-2 POWDER . No prior particle
boundaries are detectable (particle cross—sections on
this scale: L/D—i , 1.3 cm diam; L/D—2 , 5 cm x 2 cm).
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a. 4 - ..~~‘3750X EH5667 15,000X EH5668

FIGURE 22 . REPLICA ELECTRON MICROGRAPHS OF HOT ISOSTATIC PRESSED (HIP)
Ti—6Ai—4V POWDER.

(a) L/D—i powder ; (b) L/ D—2 powder.

The as—HIP—ed structure is essentially in the standard
“recrystallized” condition. The micrographs indicate
no differences in micro structure between the L/D—l
and L/D—2 constituted specimens. (Printing reduction
factor , —0.7)
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(d) Compressive Strengths of HIP Ti- 6A1-4V L/D Powder

In the VHP section of the powder program , the entire supp ly of

available powder was compressed into a single disc from which tensile bars

and compression-test cylinders were subsequently cut . The goal of the HIP

section of the program was to produce net shapes, and for this reason it was

decided to prepare only small right cylinders for compression testing. The

results of the tests are given below in Table 22.

TABLE 22. RESULTS OF COMPRESSIVE TESTS ON HOT ISOSTATIC PRESSED (HIP)
L/D-i AND L/D-2 POWDER , COMPARED WITH WROUGHT (W) DATA

Sample Code* Modulus , E 0.27. Offset Yield
(106 psi) Strength , Y

(ksi)

HIP-LD1-AR-l 17,4 151.1

AR— 2 17.7 145.3

HIP-LD1-MA-l 16.7 150,3

MA-2 17.5 151.1

HIP-LD2-AR-1 17.1 144.9

AR-2 16,8 146.4

HIP-LD2-MA-l 17.5 145.3

17.4 144.9

W-AR-1 15.7 131.3

AR-2 15.8 130.5

W—MA—l 15.9 144.7

MA-2 15.8 143.2

* AR = as-received
MA = mill-annealed

The average compressive elastic modulus of the HIP material is

97. higher than that of the wrought alloy , while the 0.27. offset yield

strength is 77. higher. This increase in strength and modulus under com-

pression is attributed to the slightly higher interstitial content of the

HIP-ed material.
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3.5 Summary of Chemical and Mechanical
Property Data

A complete set of chemical analysis data is compiled for compari-
son in Table 23; while a complete set of mechanical property data , for

both compression and tension , is given in Table 24. In. that table it is

interesting to note that the compressive and tensile yield strengths of mill-
annealed wrought Ti—6Al-4V are higher than the as-received values and more
nearly equal to those of the VHP - and HIP-processed materials. This suggests

on one hand , that such alloys are difficult to heat treat without contami-
nation even when elaborate precautions are taken; and on the other, that the

deterioration of properties which occur under VIII’ or HIP are hardly more

severe than under mill-annealing of wrought stock.

3.6 Conclusion

The research results presented in this section have demonstrated

that melt extraction is a viable process for producing controlled purity

samples of Ti-6A 1-4V L/D-type powders. These powders can be handled con-

veniently and can be consolidated by VHP or HIP techniques to produce sound
billets with acceptable mechanical properties.
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TABLE 23. CHEMICAL COMPOSITIONS OP WROUGHT Ti-6Al-4V BAR , AND ThOSE
OF THE FILAMEN T, POWDER , VHP SAMPLE , AND HIP SPECIMENS
PREPARED IN THE “L/D-POWDER” PHASE OF THIS PROGR AM

Specimen Data Source Composition in Weight Percent
Al V C N 0

Mel t Stock Manufacturer 6.7 4. 2 0.02 0.015 0. 198
Leco , Inc. 0.029 0.237

Cast Filament Battelle 6.2 4.2 0.263 0.238

“ “ 6 2  4 1
6.4 4.1
6.4 4. 1
6.2 4.1

Leco, Inc. 0.0362
“ 0.0362

0 0485
0.0465

AFMLISherry Labs 0.1 0.031 0.258

L/D Powder Leco, Inc. 0.0315 0.0641 0.205
“ 0.0323 0.0623 0.206

0.0339 0.0638 0.217
0.0331 0.0650 0.207

VHP Sample Leco, Inc. 0.0469 0.0561 0.239
0.0571 0.238

“ AFIIL/Sherry Labs 0.073 0.024 0.265
U I t  0.273
“ Battelle 7.0 4.6

HIP Sample AFML/Sherry Labs 0.05 0.036 0.255
0.05 0.031 0.269

It “ 0.04 0.013 0.215
0.06 0.020 0.215

Battel le  6.8 4. 1
Leco , Inc. 0.0536 0.0142 0.215

0.0139 0.215
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SECTION IV

PREPARATION AND PROPERTIES OF POLYCRYSTALLINE
RAPIDLY QUENCHED MELT-EXTRACTED FIBER

Microcrystalline alloys can be produced by rapid quenching

methods. Many of the alloys which have been investigated have been

shown to have some unusual mechanical properties. For example, a

considerabie increase in the strength of certain aluminum—base alloys
4quenched with solidification rates of some 10 degrees C/second has

been noted . An increase in the modulus of elasticity has even been
observed for some of these materials as a result of the presence of a

very stable dispersed phase. The mechanism of strengthening in rapidly

quenched systems was thought to be associated with (a) the fine grain
size, (b) a fine dispersion of second phase, and Cc) the anomalously

high concentration of the solution strengthener permitted by the rapid—

quench technique. Such alloys may prove to be as important , technologically,

as metallic glasses provided that sufficiently high quench rates can be

maintained in production facilities.

Rapid quenching from the melt may lead to the achievement of
a very fine grain size (if not complete amorphousness). In a pure

substance, the fine—grain structure is extremely unstable. But in

two—phase material some degree of elevated temperature stability is

obtainable, especially if the equilibrium phases differ considerably

in chemical composition , since under this condition, reversion to

equilibrium is inhibited by the necessity for a massive flux of atoms

over considerable distances. Such a stable, refined—grain structure

is conducive to superplasticity. Although most readily obtainable

in a two—phase eutectic or eutectoidal system (in which spinodal decom-

position is very effective), a fine (1—5 pm), stable, equiaxed grain

structure can sometimes be stabilized by the presence of grain—boundary—

pinning precipitate particles. An excellent example of this is to be

found in the boron—containing Ti—6Al—4V alloy considered in one of the

following sections.

Rapid solidification techniques have been used both to harden

and to increase the modulus of Al alloys. It seems that maximal strength

consistent with adequate ductility can be achieved by arranging for arrays

of dislocation pinning sites separated by about 50 lattice spacings, and

f 
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that such an arrangement is possible as a result of rapid melt quenching .

Dispersion hardening , by the presence of both stable and metastable

phases produced as a result of rapid quenching, has frequently been

demonstrated. En addition , enhanced solid—solution strengthening through

splat—cool—induced extended solid solubility can be expected .

As a result of melt quenching considerable improvements in

the strengths and moduli of polycrystalline metals can be anticipated .

This is particularly true of aluminum alloys, which have been the

subjects of many investigations over a number of years.

For example, considerable increases in the strengths of the alloys

Al — 5Cr, Al — 2.5Cr — 45i, and A]. — 5Cr — 8S1

were obtained by Esslinger~~
91 in an investigation in which solidif i—

cation rates of some l0~ deg/sec were employed . Dispersion hardening

was the mechanism, the rapid solidification being conducive to the

production of a fine—grain precipitate. Esslinger noted that a stable

dispersed phase yielded a strengthened material with relatively high

thermal stability, whereas the converse was true if the dispersant

happened to be a inetastable phase.

The influence of melt—quenching (by the gun technique c.f.,

Figure la and Figure 2 on the structure and hardness of alloys of

aluminum with iron and other first—series transition elements has been

studied by Jonest20~. Alloys studied were Al—Fe (0.7—39.2%Fe) , binary

alloys of Al with the transition elements Ti, V, Cr , Mn , Co, and Ni

(8% solute), and Al—Ni (11 and 24%). The purpose of the investigation ,

in which microhardness measurements were coupled with the results of

optical metallography, wac to optimize the microstructure so as to obtain,

through dislocation pinning, an increased strength consistent with

adequate ductility. These specimens were not of course amorphous, as

is generally found to be the case for splat—cooled aluminum alloys.

Mechanical properties and microstructures of melt—quenched

Al alloys have also been the subject of study by Toda and Maddin’31.

The Al—Au (0.25, 0.5, 1.0, 2.5, and 5.0 w/o) Alloys were prepared

using a so—called “torsion catapault” apparatus (Figure ib) by

means of which quench—rates of about l0~ to io6 deg/sec were obtained .
Mechanical properties of the bulk materials were compared after 
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subjecting them both to heat treatments of ten hours at 200 C
and 300’C in air. The melt quenching was found to result in

significant increases in strength.

To summarize, as a result of a combination of grain refine-

ment, dispersion effects and solid solution strengthening, all induced

by melt quenching, improvements in both the strengths and moduli of

experimental aluminum—base alloys have been obtained . This suggested

that in an investigation of metallic fibers produced by spinning from

the melt, the properties of polycrystalline (hopefully, microcrystalline)

rapidly quenched materials should be considered as well as those of

metallic glass candidates.

Prior to the initiation of this program , no such melt—quenching

investigations had been carried out on alloys of titanium. In view of

its importance as an aerospace alloy, and its potentiality as a light-

weight high—strength fiber for composite applications , a program was

planned in which the principles of melt—quench strengthening, as outlined

above, were to be applied to titanium . The commercial alloy Ti—6Al—4V

was taken as base. Small amounts of other elements were added to it,

either singly or in combination, melt extraction was carried out , and

the properties of the resultant fiber were examined.

In the polycrystalline studies to be described , the starting

material was handled in each of two different ways. In one method ,

alloying Ingredients were physically attached in some way to the base

Ti—6Al—4V specimen rod , and blending took place in the molten droplet

itself. In the other method , pre—alloyed rods were employed . The former

variant —— “in—situ alloying —— is discussed first.

12
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4.1 Elastic Modtli and Tensile Strengths of in—situ—Melted
Solution and Precipitate—Strengthened Poly~cr_ystal1ine

Melt Extracted Fibers

4.1.1 Iron—Base Alloys

In preliminary experiments involving the casting of Fe—P—C

alloys, tubes of mild steel were filled with weighed amounts of C and

FeP. The intention was to melt a droplet on the end of thc tube,

allowing alloying to take place in the droplet , and to melt extract the

desired alloy (Fe
80
P13C7

). While it was in principle possible to obtain

fiber by this method , the process was only barely controllable. The

droplet bubbled violently and extraction proceeded in an erratic fashion.

It was assumed that the effervescence was either by gases trapped in the

powder , or by a chemical reaction within the melt. Attempts to improve

the stability of the droplet by prior baking of the melt stock and by

the addition of aluminum to it were only moderately successful.

Accordingly, work on Fe—base alloys was suspended , and atten-

tion was directed towards a study of t-he preparation and properties of

Ti—6A1—4V—base material.

4.1.2 Multiple—Solute Ti—6Al—4V—Base Alloys

The starting stock was Ti—6Al—4V in the form of 3(8—inch or

1/4—inch diameter rods. In one series of investigations, alloying

materials, in the form of wires or rods of various metals (Table 25),

were fastened longitudinally to the Ti—6A1—4V stock. For the most part ,

once melting of the principal rod began, the attached wires would melt

and alloy smoothly into the pendant drop.

Alloys were also prepared by adding materials in powdered

form (Table 25). Slots (roughly 1—mm wide by 1—mm deep) were cut

parallel to the lengths of the titanium alloy rods. Entermetallic

compound powders were mixed with alcohol, and the resultant thick

slurry was smeared Into the slots and allowed to dry . The dried 



- ~~~~~~~~~~~~~~~~~~~~~ 
- 

~~
- —

~~~~~~~~~
- -

~~ 
—---.-—--

~

—-——----—
~

-—-—-

~

.—-- —- - —  —‘— -——
~~~~~~

—
~~~ ~~~

—
~~

— —

cement had enough cohesion and strength to bond to the slots during the
mounting and extracting procedures; and , as a result, alloyed very

smoothly into the basic stock.

TABLE 25. LIST OF ALLOYING ADDITIONS TO Ti-6A1—4V USED IN
“in—situ ALLOYED” PENDANT DROP MELT EXTRACTION

(a) Wires and Rods

Fe (soft iron wire)

1018 steel (0.2 C, 0.9 Mn, bal Fe)

Cu (electrical wire)

430F stainless steel (16 Cr, bal Fe)

Elgiloy (40 Co, 20 Cr, 15 Ni, 7 Mo, 0.15 C, bal Fe)

Graphite (pencil lead)

308 stainless steel (20 Cr, 11 Ni, 2 Mn, bal Fe)

W (electron—beam filament wire)

(b) Powders

TiE
2

T iS i
2

TIC
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